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ABSTRACT 

// 7 2 4  
t An investigation has  been  made of the extent  to which 0' , He , 

and H' ions c a n  be  cons ide red  a s  having a common t e m p e r a t u r e  i n  the 

ionosphe re .  By  a s s u m i n g  that each  ion gas  h a s  its own Maxwellian 

velocity dis t r ibut ion,  e n e r g y  balance equations including the effects 

of heating by the e l ec t ron  g a s ,  cooling by the neu t r a l  a t m o s p h e r e ,  

and  e n e r g y  coupling between the ion spec ies  have been  obtained. 

Solutions to  the e n e r g y  equations f o r  t h ree  models  of the neu t r a l  

a t m o s p h e r e  indicate that the H and He' ion t e m p e r a t u r e s  a r e  higher  

than the 0' t e m p e r a t u r e  in the regions between 250 and 650 k m .  A 

peak t e m p e r a t u r e  difference g r e a t e r  than two hundred d e g r e e s  o c c u r s  

f o r  H and 0 

a r e  noted f o r  the He' - 0 separa t ion .  An explanation of the t e m -  

p e r a t u r e  inequality has  been  made in t e r m s  of the a t m o s p h e r i c  and 

ionospher ic  conditions,  showing tha t  the al t i tude extent  of ion t e m p e i a -  

t u r e  sepa ra t ion  i n c r e a s e s  f o r  r is ing t h e r m o s p h e r i c  and e lec t ron  t e m -  

t 

+ c ions ,  while values which m a y  r e a c h  one hundred d e g r e e s  

t 

p e r a t u r e s  and d e c r e a s e s  f o r  p rogres s ive ly  l a r g e r  e lec t ron  dens i t ies  * 
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I. 

I.- INTRODUCTION 

The thermal balance of atomic oxygen ions in the upper atmosphere 

was first analyzed by Hanson (1963). By equating the electron-ion heating 

rate with the loss of ion thermal energy to the neutral atmosphere, he was 

able to show that the ion temperature should have a pronounced altitude de- 

pendence, increasing gradually from the neutral gas temperature near 300 km 
towards the electron temperature above 800 km. Although this model did not 

take into account the presence of He+ or H 

thermal conduction, experimental confirmation for the thermal decoupling of 

the ion gas from the neutral atmosphere can be inferred from recent incoherent 

radio backscatter and satellite measurements (Evans, 1965 i Boyd and 

+ ions or include the effect8 of 

Raitt, 1965) 

Theoretical calculations of ion temperature must be based upon the + + heat balance equations for O', He , and H ions, including the influences of 

differing rates of energy production, loss, and, for altitudes above 400 k m 8  

the effect of heat conduction along the lines of geomagnetic force. 

previous studies of charged particle concentrations and even in the inter- 

pretation of experimental data, it has been tacitly assumed that the ion 

gases of the ionosphere can be regarded as having a single temperature. 

When the energy balance equation for each ion gae is examined, however, 

In 

it becomes evident that the condition of a cop[IDon ion temperature m s t  be 

established by inter-species energy transfer and, under certain conditions, 

it i e  possible that competing 

may be sufficiently large to create an appreciable separation between the 

temperatures of the different ione. 

to have direct consequences upon both theoretical and experimental analyser, 

it i e  necessary to determine the aeronomic condition8 under which inter-ion 

temperature inequality i e  possible, 

processes euch as ion-neutral energy loss 

Since such differences can be expected 

This paper is directed tawards the theoretical analysie of the pro- 

blems involved in the establirhment of a commOn ion temperature in the 
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ionosphere under the influence of heating by the ambient e lec t ron  gas. 

Hence, the  basic questions t o  be invest igated revolve about t he  na ture  

of energy coupling between ion epecies,  the  degree t o  which the  ion 

ve loc i ty  d i s t r ibu t ions  can be considered as independently Maxwellian, 

and the  possible effects of changing aeronomic parameters, including both 

charged and neut ra l  p a r t i c l e  dens i t i e s .  

energy balance equations t o  the  parameters of the upper atmosphere f o r  

the  purposes of determining usefu l  p r o f i l e s  of ion temperature i s  made i n  

another paper (Banks, 1966a) where a discussion i s  made of ion energy 

sources and the influence of thermal conduction. 

The ac tua l  appl ica t ion  of t he  ion 

In  br ie f  ou t l i ne ,  Section 2 of t h i s  paper contains  an ana lys i s  

of the  ion energy balance equations which do not  assume t h e  exis tence of 

a corrmon ion temperature. 

change between ion species ,  a series of energy coupling term are in t ro -  

duced. The problems of e lectron-ion,  ion-neutral ,  and ion-ion c o l l i s i o n s  

are discussed in  terms of t h e i r  e f f e c t s  upon ion Maxwellian ve loc i ty  d i s -  

t r i bu t ion .  

given f o r  d i f f e ren t  values of t h e  atmospheric parametsrs under the  as- 

rumption t h a t  thermal conduction i s  not ac t ing .  

To include the  mutual e f f e c t s  of energy ex- 

I n  Section 3,  so lu t ions  t o  the  energy balance equations are 

It i e  shown t h a t  while  + + + t he  0 and H e  ion gases are coupled t o  wi th in  1OOoK, t h e  H ion gas  can 
+ have a temperature g rea t e r  than 200°K above t h a t  of t he  0 ions. I n  

11.- ION ENERCY BALANCE EQUATIONS 

ion gasa 

Section 4 a discussion and sumnary of the r e s u l t s  is  given. 

per  ion 

2.1. Jntroduction 

The energy balance f o r  t h  
A A A  

of t h e  u phere 

(O' ,  H e r ,  H ' )  nuit take i n t o  account a wide v a r i a t i o n  i n  aeronomic para- 

meters which affect both the  rate a t  which energy i s  given t o  t h e  ion  

gases by e lec t rons  and the  ra te  a t  which ion  thermal energy is lost  t o  

the  neu t r a l  atmosphere. Further ,  although previously unnoted, t he  thermal 
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conductivity of the ion gases is important in determining the calculated 

profiles of ion temperature and should be included in the formlation of 

the energy balance equations. 

to assume that the three ion gases have a single temperature, in fact, the 

energy production and loss processes vary greatly in magnitude for the 

different speoies, and it is only by means of completely dominating ion 

inter-species energy transfer rates that such a state can be achieved. 

To investigate the possible temperature conditions when the ion energy 

couplings are not dominating, it is necessary to consider separately the 

heat budget for each ion gas and to introduce suitable Coulomb energy 

coupling terms to represent the cooling or heating effects of other ion 

gases which may be at different temperatures. 

Although it is convenient, in most instances, 

In the absence of large scale vertical motions, the time dependent 

energy balance equation for the j-th ion gas in a mixture of N ion gases, 
each having a separate Maxwellian velocity distribution, is 

Lnj de ' L 
k 

where U - 3/2 n(j)kTi(j) and C = 0. The quantity U is the ion kinetic 
j J J  j 

energy per unit volume, n(j) is the ion number density, P is the heating 

rate due to external sources, L 
gases, I is the magnetic dip angle, K 
and T (j) is the temperature of the j-th ion gas. The ion energy coupling i 
terms, C 

3 
is the energy loss rate to the neutral 

is the ion thermal conductivity, 
j 

j 

jk  ' 3k kjO 
ara defined such that C - - C 

For many aeronomic processes it is not convenient to use (1) 

directly since changes can occur in the total thermal energy without 

affecting the temperature of the gas. 

does not have thie disadvantage and a transformation of (1) using the 
re la t ion 

The temperature rate, aTi(j)/at, 
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auj a T i W  
a t  3/2k{ n ( j )  a t  

is useful  once the d e t a i l s  of the  rate an ( j ) / a t  are known. 

4 

The complexity of the  r e l a t ions  implied by (1) is shown i n  

Figure 1 f o r  the e lec t ron ,  ion, and neu t r a l  gases of t he  upper atmosphere 

with the  electron gas aeeumed t o  be the  pr inc ipa l  source of ion heating. 

Not only do the  ion-neutral  energy t r ans fe r  rates d i f f e r  f o r  each n e u t r a l  

gas ,  but a l s o  t h e  electron-ion and ion-ion energy rates vary a8 much as 

a f a c t o r  of 16 f o r  t he  d i f f e r e n t  species.  As shown i n  Section 3, these  

e f f e c t s  are of primary importance i n  r a i s ing  the  H 

can t ly  above the 0 and He temperatures. 

+ temperature s i g n i f i -  + + 

2.2. Enarm Production and Loss f o r  the  Ion Gases 

For t h e  purposes of t h i s  study it i s  adequate t o  assume the  ax is ten-  

ce of an electron gas hea t  source of temperature T 

is ab le  t o  t r ans fe r  energy t o  the  d i f f e r e n t  ion gases are t h e  rates 

(Banks, 1966b) : 

and dens i ty  ne which e 

(3a) 

(3b) 

(3c) 

+ + -312 P(0') = 4.8 x 

P(He ) = 1.9 x 

P(H ) = 7.7 x 

nen(O )[Te - Ti(O ) ]  Te 

-392 ev c m  sec , nen(H )[Te - Ti(H ) ]  Te 

+ + -312 
n n(He ) [Te- T (He')] T 

-3 -1 + i+ e + 

which are i n  the r a t i o  1:4:16. Following the  r e s u l t s  of another ana- 

l y s i s  (Banks, 1966a), i t  is possible  t o  ignore i n  most circumstances the  

aont r ibu t ions  made by o ther  energy sources i n  hea t ing  t h e  ion gases. 

The r a t e s  a t  which the atmospheric ions  l o s e  energy by -ani of 

elar t ia  c o l l i s i o n s  i n  n e u t r a l  gases have been r ecen t ly  discussed by Bankr 

(1966~) .  For t h e  regions above 250 km the  energy e f f e c t 6  of chemical re- 

ac t ions  which lead t o  ion species  o ther  than O', He+, and H 
t a n t .  

+ are no t  impor- 

The ion energy lo s s  rates f o r  a l l  processes o the r  than those between 
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NEUTRAL GASES 

Fig. 1.- Energy couplings for the ionospheric ions. The 
arrows indicate the flow of thermal energy be- 
tween the different gases of the ionosphere. 
The electron gar act8 a8 a heat source for the 
ions,  while the neutral atmosphere, with i t 8  
e f f i c i ent  thermal conduction, acts as a heat sink. 
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oxygen and hydrogen ions and a t o m  are l i e t a d  i n  Table 1. 

TABLE I : Ion energy lo s s  rates 

Ion Mixture Energy Loss rate ev cm -3 sec -5 Comnent 

Polar i ea t ion I n t e r a c t  ion 

Polar izat ion In te rac t ion  

Polar izat ion In t e rac t ion  

+ 
0' - N2 
o+ - o2 
O+ - He 

6.6 n(0 )n(N,,)(T,- T) 

5.8 n(0 )n(02)(Ti- T) 

2.8 n(0 )n(He)(T,- T) 

+ & *  

+ 
A 

o+ - 0 0.21 n(O+)n(O) (T,+ T)l12(T, -T) Resonance Charge Exchange 
A A 

He + - N2 5.3 n@efn(N2)(Ti- T) Polar izat ion In te rac t ion  

Polar izat ion In t e rac t ion  He  - 0, + 
4.5 n(He)n(O,) (T,- T) + 

I. L A  

5.8 n(Han(0)  (T; T) Polar izat ion In t e rac t ion  + He - 0 
+ 
+ 

H e  - H 

H e  - He 

H+ - N2 

H+ - O2 

H+ - He 
H+ - H 

a 
10. n(Hafn(H)(Ti- T) Polar izat ion In te rac t ion  

0.4 n(Hafn(He) (Ti+ T)l12  (Ti-T) Resonance Charge Exchange 

Polar izat ion In t e rac t ion  3.1 n(H )n(N2)(Ti- T) 

Po la r i t a t ion  In t e rac t ion  2.8 n(H )n(02)(Ti- T) 

Polar izat ion In t e rac t ion  5.5 n(H )n(He)(Ti- T) 

1.4 n(H )n(H) (Ti+ T)1'2(Ti-T) Resonance Charge Exchange 

+ 
+ 
+ 
+ 

Rates taken from Banks (1966~) .  T is the  ion temperature f o r  i 
the pa r t i cu la r  ion under consideration. 

+ + For 0 and H ions thera  uir t r  t he  p o s s i b i l i t y  of energy 

lose  by mdanr of acc identa l ly  resonant charge exahange with neu t r a l  atomic 

hydrogen and oxygen, respect ively.  

duution and loer i n  the  reac t ion  

By taking account of ion energy pro- 

O + + H s l H + + O  

i t  i r  poerible  t o  derive the  ion energy lor6  rater as 

(4)  
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L(H+) 3/2k{ n(H+) Ti(H + -  ) vE ($, 0 )  - n(0')T ;E (O', H)} 

- 
In  these equations T is the  neu t r a l  gas temperature and vE is t he  acciden- 

t a l l y  resonant charge exchange c o l l i s i o n  frequency between t h e  quan t i t i e s  

indicated within t h e  brackets. As discussed previously,  it ita convenient 

to  work with the  temperature rate r a the r  than the  energy rate when the  

problem of charge exchange is introduced. Through manipulation of equa- 

t i ons  (5) using the  de f in i t i on  of the  ion thennal energy and neglecting 

ion d i f fus ion ,  i t  is possible t o  der ive  the  re la t ion6  

-I-- aT (H') n(o+) E (O', H) {Ti(H+) - T }  
a t  n @+) 

showing t h a t  when the  ion and neut ra l  gas temperatures are equal the t em-  

pera ture  rates are aero. 

t he  energy lo s s  rate is more s t r ingen t ,  requir ing both a chemical equilibrium 

of reac tan ts  and the  equal i ty  of the  ion and neu t r a l  gas temperatures. 

It is noted t h a t  the  condition of no change i n  

Equations (5) and (6) may be reduced by expressing the  charge 

exchange c o l l i r i o a  frequencies as (Banks , 1966c) , 

- 
where Q, is the  charge exchange c o l l i s i o n  c r o r s  sec t ion  for the  procers 

ind ica ted  within the  brackets. The d i f f e r i n g  temperature dependences of 

t h e  c o l l i s i o n  frequencies arise from terms involving the r e l a t i v e  v e l o c i t i e s  

of motion between oxygen and hydrogen atoms and ions. 
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These f ac to r s ,  having the  forms [T (0 + )/16 + and [T/16 + Ti(H + ) ]  1/2 

have been reduced t o  T1l2 and Ti1/ 1 (€I+), respectively.  

From t h e  study of Rapp (1963) and the  experimental work of 

Stebbinga, e t  al .  (1964), the  charge exchange c r o s r  sec t ions  needed f o r  

the evaluation of (7) can be extrapolated t o  thermal energies  am 

+ - 
Q,(O a H) [4.5 - 0.21 Loglo TI2 x d 
- 9 + 2 10-16 2 QE(H 8 0)  = L4.3 - 0.20 toglo Ti(Hd)l c m  

For thermal equilibrium between ion and neu t ra l  gases,  it 1s a l s o  known 

t h a t  (Stabbings, e t  al. , 1964) 

With (8), equation8 (7) become 

+ -11 - 
vg(O I H) = 2.9 x 10 n(H)T1I2 sec-' 

+ -11 1/2 + -1 - 
vg(H , 0)  = 2.6 x 10 

+ 
n(0) Ti (H ) sec 

where it i e  assumed t h a t  Ti(H ) = T = 1000°K I n  the  argument6 of tha  lo- 

garlthrns of equations (8). With ( 9 )  and (lo), t he  oxygen and hydrogen 

ion energy loem rater due the  charge exchange beaomo 

L(0') = 3.8 x n(0') n(H) T112 [Ti(O+) 

-3 -1 
av am naa 

whfla the  ion temperature rates 8 T 8  
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2.3. Energy cxtplinp: between ion Rases 

With the assumption t h a t  each ion gas has i t s  own Mamellian 

temperature, t he  rate of energy t r ans fe r  between two mixed ion gaeee i 6  

determined by the  c h a r a c t e r i s t i c s  of Coulomb co l l i s ions .  

t h e  two ion gases by the  subscr ipts  j and k,  t he  energy t r a n s f e r  rate from 

the  j - t h  t o  the  k-th gas i s  (Banks, 1966c), 

By ident i fy ing  

(13) a U ( j  rk) n(J) n(k)[Ti(j) - Ti(k)l -3 -1 - c = 3.3 ev c m  sec , 
3 12 

T (3) Ti(k) a t  j k  

Aj*E[* j + TI 
where A 

change of indices  shows t h a t  C 

coupling terms. 

o r  loss of thermal energy, depending upon t h e  d i f fe rence  i n  the  temperatures. 

are the  respect ive ion masses i n  atomic uni t s .  The i n t e r -  
j ,k 

= - C as required f o r  the  ion-ion energy 
j k  k j  

Hence, a given coupling term can act as e i t h e r  a source 

+ 
For the  problem of energy t r ans fe r  between O', He', and H , it is 

found t h a t ,  wi th i d e n t i c a l  p a r t i c l e  d e n s i t i e s  and temperature d i f fe rences ,  

t h e  H e  - H 

rate is a f a c t o r  of 0.33 slower. 

t r a n s f e r  rates act t o  accentuate the e f f e c t s  of e lec t ron  gas energy produc- 

t i o n  which, f o r  equal ion dens i t i e s ,  g rea t ly  favors  the  H 

+ +  + + +  rate, while t he  0 - H 

The d i f fe rences  in t he  in te r - ion  energy 

rate is twice as fas t  a s  the  0' - H e  

+ 
ions. 

2.4 Maxwellian ve loc i ty  d i s t r ibu t ions  

The energy coupling terms of the preceding 8ection are v a l i d  

only  i f  t h e  individual  ion ve loc i ty  d i s t r i b u t i o n  funct ions are Mamellian. 
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I n  f a c t ,  t he  processes of ion-neutral and in te r - ion  energy exchange are 

s u f f i c i e n t l y  rapid i n  many circumstances t o  s t rongly d i s t o r t  t he  ion 

ve loc i ty  d i s t r ibu t ions  when large sources of ion heating are applied.  

the  atmospheric ions above 300 km, however, t he  e f f e c t s  of energy pro- 

duction and lo s s  are not  la rge  and deviat ions from the  equilibrium N m d -  

l i a n  ve loc i ty  d i s t r ibu t ion  as a r e s u l t  of e lec t ron  and neu t r a l  p a r t i c l e  

c o l l i s i o n s  are small. 

For 

To show t h i s  d i r e c t l y  i s  d i f f i c u l t  and requi res  an ac tua l  eolu- 

t i on  t o  the ve loc i ty  d i s t r i b u t i o n  equations. 

mthod involves the comparison of the  rate of change of ion thermal energy 

with the  t o t a l  ion thermal energy, U 

an e f f e c t i v e  time f o r  energy t r ans fe r ,  s , given by 

A simpler,  but less exact ,  

This r a t i o  can be used t o  def ine  

h 
j '  

- U / [dU /dt]. (14) 
j J 

By comparing t h i s  e f f e c t i v e  t i m e  f o r  energy t r a n s f e r  wi th  t h e  mean co l -  

l i s i o n  t i m e ,  sii , of an ion i n  i t s  own gas,  one can make a q u a l i t a t i v e  

estimate of the  influence of the  energy exchange process i n  d i s t o r t i n g  

the  ion ve loc i ty  d i s t r i b u t i o n  (Delcroix, 1960). For small values  of t h e  

r a t i o ,  Tii/Fh' i t  is assumed t h a t  the c o l l i s i o n s  between the  gas  ions w i l l  

be adequate t o  e s t ab l i sh  most of the  c h a r a c t e r i s t i c s  of t he  Mamellian ve- 

- l o c i t y  d i s t r ibu t ion .  I n  the  following paragraphs t h e  condi t ions appropriate  

t o  c o l l i s i o n s  between e l ec t rons  and ions,  ions  and n e u t r a l  p a r t i c l e s ,  and 

between d i f f e ren t  ions are discussed. 

Because the  electron-ion mass r a t i o  is r e l a t i v e l y  unfavorable f o r  

rapid energy t r ans fe r ,  t h e  e f f e c t i v e  t i m e  f o r  energy t r a n s f e r  under ionorphe- 

r ia  oonditions I 8  l a rge ,  being given by 

where T is t he  temperature of t h e  e lec t ron  gas  which is assumed t o  have 
e 



I f 

a Maxwallian ve loc i ty  d i s t r ibu t ion ,  A 
and T (9) is the  ion temperature. 

is the  ion mass i n  atomic un i t e ,  
j 

Using the  c o l l i s i o n  frequencies of i 
I Banks (1966c), with the r e l a t i o n  Tii - l / v i i ,  the  c o l l i s i o n  time of an 
l 

~ 

ion i n  i t s  own gas is 

which leads t o  the  r a t i o  

I -  

Thus, even f o r  €I+ ions,  t he  ion-ion c o l l i s i o n  time is about 76 t h e e  shor- 

ter than the  tima required f o r  electron-ion energy t r a n s f e r  t o  accumulate 
an amount of energy equal t o  t he  ion gas thermal energy. On t h i s  basis 

it appears t h a t  electron-ion energy t r a n s f e r  i n  the  ionosphere does not  

s i g n i f i c a n t l y  d i s t o r t  t he  ion Maxwe11Ban ve loc i ty  d i s t r ibu t ion .  

For a l t i t u d e s  below 300 km c o l l i s i o n s  between ions and neu t r a l  

gas  p a r t i c l e s  are frequent and a rapid exchange of energy is possible  f o r  

even minor separat ions of t he  ion and neu t r a l  gas temperatures. 

t he  e f f e c t s  of ion-neutral  c o l l i s i o n s  upon ion ve loc i ty  d i s t r ibu t ions ,  t he  

aeronomically important example of t he  energy lo s s  of 0 

oxygen has been chosen. 

To analyze 

+ 
ions i n  atomic 

Prom Table 1 the  0' - 0 charge exchange energy t r ans fe r  rate i r  

-3 -1 L(O+) = 2.1 x n(0) n(0') [T,(O+) + T]'/2[Ti(O+) - T] ev c m  rec . (19) 

Using (14), t he  e f f e c t i v e  time for  energy t r ans fe r  is 



which, by applying ( lb ) ,  leads t o  the  r a t i o  

.I- ..-*..--. L L . 1 -  
10 UVLLLUULC: L U A B  UJLyLraDioii it is Gacaseary t+ considar the 

aeronomic parameters appropriate t o  an a l t i t u d e  of 300 km. 
Nicolet  (1967), w e  adopt n(0) = 4 x 10 c m  , n(0 ) = 7 x 10 c m  , 

Thus, from 
8 -3 + 5 -3 

+ 
Ti(O ) 1 5 0 0 O K ,  and T = l O O O O K ,  giving T ~ / T ~  = 2 x This  ind ica tes  

t h a t  even a t  the a l t i t u d e  of 300 km t h e  ion-neutral  energy t r a n s f e r  t l m e  

is about 50 times longer t h a t  t he  oxygen ion c o l l i s i o n  time. Hence, f o r  

the  regions above 300 km it appears co r rec t  t o  assume t h a t  n e u t r a l  par- 

t ic le  c o l l i s i o n s  do not  s ign i f i can t ly  a f f e c t  t he  0' ion Mamellian velo- 

c i t y  d is t r ibu t ion .  

d i s t o r t l o n  as the ion-neutral  energy t r a n s f e r  time becomes comparable wi th  

the  ion-ion c o l l i s i o n  the. 

ion heating r a t e  i n  these regions is not l a rge  enough t o  create any sub- 

Below 300 b there  w i l l  be an increasing amount of 

However, as shown by Hanson(1963) the  e lea t ron-  

s t a n t l a l  difference i n  the ion and neu t r a l  gas  temperatures. 

blern of neu t r a l  p a r t i c l e  c o l l i s i o n s  d i s t o r t i n g  the  ionospheric 0 

d i s t r i b u t i o n  can be neglected. 

Thus, the pro- + 
ve loc i ty  

+ 
Analyses similar t o  the  above have been made f o r  He' and H 

I n  each case the conclusion is the  same : Above 300 km the  ion-neutral  energy 

t r ans fe r  times a re  much l a rge r  than the  ion-Ion c o l l i s i o n  t imes,  leaving 

s u f f i c i e n t  opportunity f o r  the ion MameIlian v e l o c i t y  d i e t r i b u t i o n s  to be 

establ ished.  

ions. 

When the e f f e c t s  of energy coupling between the  d i f f e r e n t  ion 

rpeaies  are considered, it is m c h  more d i f f i c u l t  t o  j u s t i f y  the  amrumption 

t h a t  each ion gas has i t s  own, independent MaxweIlian v e l o c i t y  d i s t r i b u t i o n .  
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Clearly, an exact approach requires an extensive computational analysis 
based upon the coupled velocity distribution equations. In fact, it is 

more expedient to make the prior assumption of separate Maxwellian tempe- 

ratures which permits the use of almple inter-species ion energy coupling 

equations and a direct solution of (1). 

between ion species is strong, the three ion temperatures will vary by 

only a few degrees, indicating that the use of a single ion temperature 

For situations where the coupling 

(Ti) is justified. 

In some cases, however, the ion coupling terms are not adequate 
to yield a close temperature correspondence. 

separations are described here as actual differences in Maxwellian tempe- 

ratures, the true implication which must be understood is that the velo- 

city distributions of the minor ions perhaps deviate signifiaantly from 

the Maxwellian form. 
terms of temperatures based upon Maxwellian velocity distributions, a 

better interpretation is that the ion velocity distributions should be 

regarded as being significantly different from those Maxwellian distri- 

butions which would be aalculated using the oxygen ion temperature. 

Although these temperature 

Hence, although the results of Seation 3 are given in 

2.5. Charged particle concentrations 

The solution of (1) requires a knowledge of the electron and 

ion densities under conditions where the electron and ion temperatures are 

free to vary with altitude in an arbitrary manner, A recent discussion of 

the problems involved in ualculating ion densities under the nutual effwte 

of dlffuoioa and chemical reaction has been given by Bauer(l966). Briefly, 

it i e  found that the aesumption of 0' ion diffusive equilibrium i r  adequate + + 
for altitudes above 300 km. For He and H ions, it 5.8 not yet certain 

where the dividing point between chemical and diffusive equilibrium ocours, 
although altitudes above 500 b;pa are indicated, 

reaction given by (4) control8 the H+ ion densities in the regions of aheuuical 
While it appear8 that the 



-14 - 

equilibrium, there presently exists considerable doubt about t he  a e r o n d c  

lo s s  processes fo r  Be e 
+ 

Preliminary solut ions t o  the  three  ion energy balance equation6 

given by (1) have indicated tha t  the  problem of ion temperature separa- 

t i on  is l a rge ly  confined t o  the atmospheric regions below 650 bn whrro 

la rge  var ia t ions  occur i n  the ion-neutral  energy loee proces8c8. 

the  problem of determining the  proper e lectron and ion d e n s i t i e r  f o r  U s 0  

i n  (1) can be approached by f i r s t  ca lcu la t ing  the 0 

(Bauer , 1966) , 

Thur, 

+ ion densi ty  ur ing 

which is va l id  for  d i f fus ive  equilibrium ignoring the e f f e c t s  of the  minor 

ions. Here, m is the Q ion mass and g is the  ea r th ' e  g rav i t a t iona l  

accelerat ion.  

+ 

+ The appropriate dens i t i e s  f o r  the He+ and H ions are found by 

assuming t h a t  there  ex ie t s  chemical equilibrium i n  the  height range of 
i n t e r e s t ,  Thus, f o r  H e  ions we take,  following Bauer (1966), 

+ 

-1 where I 

a t o m  (Nicolet ,  1967) and k 

the  loer  of He ions through chemical processes involving N 

has pointed out  t h a t  there  exists a l a rge  dircrepency between tho .xp.ri- 
mental measurementr of k 

obsrrvat ionr .  

of kl 21 k2 2~ 10 cm rm 

= ( l e  f 0.5) x 10'' sec is  t he  photoioni ta t ion rate for €IO He 
are the  respec t ive  rate coe f f i c i en t0  f o r  

102 
and 02, Bauor 

2 

I i n  tho laboratory and the  r e r u l t r  of a o r o n ~ a h  
182 

For t h i s  r tudy i t  i s  adoquate t o  adopt Bauer's uppor l i m i t  
-11 3 -1 
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The chemical equilibrium f o r  H+ ions i n  react ion (4) is  found 

by aquating the  t o t a l  rates of reaction, giving 

i s  the  appropriate charge exchange c o l l i s i o n  frequency introduced 

On expanding (24) we have 

A 

i s  again the charge 

processes. Equation (9) can 

- - - -  

exchange cross  sec t ion  f o r  the  indicated 

be used d i r e c t l y  i n  (25) t o  give,  

Ti(0+)/16 + T 1/2 r 1 
J '  - 

n (O+) n(0) Ti(H+) + T/16 
I + f ix ing  the  r a t i o  

brium. 

of HT and 0 ions f o r  the regions of chemical equ i l i -  

111. - RESULTS 

Using the  energy production and lo s s  rates of Section 2 i n  con- 

junct ion with the  coupled ion energy balance equations, it has been possi-  

b l e  t o  obtain the  0 , He+, and H ion temperatures as a function of a l t i t ude .  

To take account of the d i f f e r ing  neutral  p a r t i c l e  dens i t i e s  which are 
c h a r a c t e r i o t i c  of d i f f e ren t  thermospheric temperatures, th ree  model at-  

mospheres derived by Nicolet (1967) have been used. With thermospheric 

temperatures of 6W6, loOo0, and 1394OK, these modele span a considerable 

range of conditions with respect to  the d e n s i t i e r  of atomic hydrogen and 

helium. 

+ + 

Throughout a l l  calculat ions the e lec t ron  temperature hae been 

t r e a t e d  a s  a parameterc constant in a l t i t u d e ,  which is  given a set of 
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values  f o r  each neu t r a l  atmospheric model. 

The boundary condition f o r  the  e-actron dens 
A 

ty a t  t he  s 

point  f o r  d i f fus ive  equilibrium of O r  (460 km) has been chosen as 

a r t  ing 

5 5 x 10 The e lec t ron  denei ty  

p r o f i l e s  below the region of d i f fus ion  have been taken from the  F l igh t  

6.07 rocket measurements made by Spencer, e t  al.  (1965) and remain un- 

changed both f o r  t he  va r i a t ions  i n  e lec t ron  temperature and f o r  the d i f -  

f e r en t  atmospheric models. 

t he  e lec t ron  densi ty  a t  a given a l t i t u d e  increases  s l i g h t l y  with increa- 

s ing e lec t ron  temperature. 

dens i t i e s  used in  t h i s  study are l i s t e d  i n  Table 2 ,  

cmo3 f o r  each of t h e  atmospheric models. 

+ I n  the  region of 0 ion di f fus ion ,  however, 

The values of t he  e lec t ron  and neu t r a l  p a r t i c l e  

The solut ions t o  the  ion energy balance equations have been ob- 

ta ined by ignoring the  complicating e f f e c t  of thermal conduction and by 

assuming a steady state (aU / a t  - 0 )  f o r  each ion gas. The ion tempera- 

t u re s  sa t i s fy ing  t h e  r e su l t i ng  nonlinear,  a lgebra ic ,  equations have been 

found numerically by means of the  Newton d i f fe rence  method. 

j 

The r e s u l t s  of these ca lcu la t ions  f o r  each of the  atmospheric 

models are shown i n  Figures 2 through 10. 

i t  has been convenient t o  p l o t  f i r s t  the  0 

a l t i t u d e  and eleutron temperature. To show the  e f f e c t s  of t h e  temperature 

decoupling, t he  associated f igu res  f o r  each atmospheric model i nd ica t e  t h e  

p r o f i l e s  of t h e  temperature d i f fe rences  between the  minor ion8 and 0 . 

For each atmospheric model 
+ temperature as a funct ion of 

+ 

It is evident t h a t  t he re  e x i s t  e i g n i f i c a n t  temperature reparat ion8 

betwoen the  ionospheric ions over a wide range of a l t i t u d e 8  f o r  all at- 

morphotic conditione, 

depend r t rongly  upon the  p a r t i c u l a r  model atmosphere. 
f o r  the  H 

small values neat 200 km t o  a peak value of 1ocp25OoK which g e n o r a l b  

occurs i n  the range 300 - 500 km. 

The a l t i t u d e  l i m i t e  f o r  t h e  deooupling are reon t o  

The general  bahavior + +  - 0 temperature d i f fe rence  cone ie t s  of a moderate r i re  from 



-17 - 

I I I 

+- 
0 

G 
Y 

I I I I I I 1 

8 3 8 In 8 
I 1 



-18 - 

I I I I I I I I 1 

n + 
0 

&- Y 
Y 

+- ’ O5iI 
I 
Y @I 

n 

0 
Y 

Y 

8 
I 
W a 

25 

a 
G 
8 n 
I 
W 
t 

K 
W 

3 



-19 - 

0 26 60 75 100 

TEMPERATURE DIFFERENCE ( O K )  

Fig. 4.- Ternperaturo difference between helium and atomic oxyeen ions for 
different electron temperatures and a neutral atmaphere tempera- 
ture of 600OK. 
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Fig. 5.- Temperature of atomic oxygen ions for different electron tempera- 
tures and a neutral atmosphere temperature of 1000OK. The larger 
neutral particle densities of this atmospheric model increaoe the 
altitude for ion-neutral therrnal decoupling to 250 km. 
with Figure 2 shows this m d e l  has a much more gradual oxygen ion 
temperature transition zone. Figure8 5, 6, and 7 form a requrnce 
for the 1000°K model atmosphere. 

Comparison 
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TEMPERATURE DIFFERENCE ( O K )  

Fig .  7.- Temperature differanca between helium and atomic oxygen ion0 for 
diffrrent electron tamperaturer and a neutral atprorphoro of lCX)o°K- 
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ATOMIC OXYGEN ION TEMPERATURE ( O K )  

Fig .  8.- Temperature of atomic oxygen ions f o r  d i f f e r e n t  electron tempera- 
The atomic 

To show the  im- 

t u r e s  and a neu t r a l  atmosphere temperature of 1394OK. 
oxygen ion temperature i s  s t rongly  coupled t o  the  n e u t r a l  gas  tern- 
peraturg i n  t h i e  model t o  an a l t i t u d e  of 325 km. 
portant  regions i n  the temperature p r o f i l e s  the  vertical axes of 
Figures 8, 9 ,  and 10 have been sh i f t ed  upwards by 100 km. 
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10.- Temperature difference between helium and atomic oxygen ion8 for 
different electron temperatures and a neutral atmosphere tempera- 
ture of 1394OK. 
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TABU I1 : Atmospheric parameters 

Al t i tude  (km) 

Model 200 300 600 500 600 700 

n 
8 

2.0(9) 

1.7(8) 

1,7(9) 

5.9 (6) 

1.3 (6) 

2.7(9) 

4.6 (8) 

4.0(9) 

5.4 (6) 

5 . 7(4) 

2,5(9) 

5 .O (8) 

4.1(9) 

4.8(6) 

2.1(4) 

3.2(5) 

1.1(8) 

4.7(5) 

1.0(6) 

2.8(6) 

1.0(6) 

4.1(8) 

1.2 (7) 

1.5(8) 

3.3(6) 

3 b9 (4) 

5.5(8) 

2.9 (7) 

3.4(8) 

3.2(8) 

8.0(3) 

9 .O (5) 

6 :2 (6) 4.0(5)  

1*6(3) 6.7(0) 

7.1(4) !5.8(2) 

1.4(6) 7.0(5) 

8.7(5) 7.3(5) 

7.3(7) 1.4(7) 

3.8(5) 1.4(4) 

7.8(6) 4.4(5) 
2.1(6) 1.4(6) 

3.4(4) 3.0(4) 

1.6(8) 4.8(7) 

2.4(6) 2.3 (5) 

3.8(7) 4.8(6) 

2.3(6) 1.7(6) 

5.8(3) 5.0(3) 

2 .8 (4 )  2.?(3) 

5 . 5 ( 0 )  - 
- - 

3.6(5) 1.9(5) 

6 . 2 0 )  5.3(5) 

2 e9 (6) 6 a ( 5 )  

5.7(2) 2.6(1) 

2.7(4) 1.8(3) 

9.5(5) 6 . 4 0 )  

2.8(4) 2.5(4) 

1.5(7) S.0(6) 

2.3(4) 2.5(3) 

6.4(5) 9 e 2  (4) 
1.3(6) 9.6(5) 

4.5(3) 4.2 (3) 

1.8(5) 9.6(4) 

The n e u t r a l  atmosphere models are from Nicolet  (1967). Bracketed q u a n t i t i e r  

following each en t ry  are exponent p a s e a o f  10. 

A t  a l t i t u d e s  above the peak the re  is a lessening of the temperature d i f f e r -  

enoe 

mospheric models involved. 

but the  aotual  r lope  of the  curves depends upon t h e  p a r t i c u l a r  at- 

~ 
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Similar results are shown in each group of figures for the tempe- + rature separation between He+ and 0 

effects of ion energy coupling are relatively stronger and the peak tempe- 

rature separations are less than 100°K. 

ions. In this case, however, the 

An analysis can be made of the calculated ion temperature differen- 

ces by considering the effects of changing aeronomic parameters upon the 

dominant terms in the individual ion energy balance equations. To explain 
+ +  the large H - 0 temperature separation and its altitude dependence, we 

note from Section 2.3 that for equivalent conditions the rate of energy pro- 

duction in the H ion gas is 16 times that for the 0 ions. Further, for + + 
+ + in chemical equilibrium and for 0 H the principal energy losses are to 

atomic oxygen by means of charge exchange reactions, the specific rates hav- 

h g  
oxygen density. For these circumstances it follows that at a given al- 

titude the H 
be proportionately larger than for 0 . In order for the 0 ion8 to reach 

the same temperature as a given H temperature, it is necessary to have a 

lower density of atomic oxygen, thus implying that there is an effective 

upwards displacement of the entire 0' temperature profile with respect 

to that of H . ion energy coupling compli- 

cate the actual temperature values, essentially it is the relative displa- 

cement of the individual temperature profiles which is responsible for the 

calculated differences in the ion temperatures. 

H 

ture in a region where the oxygen ions are firmly coupled to the neutral 

gas temperature, thus creating a temperature separation which increases 

with altitude. 

similar numerical factors and the same dependence upon the atomic 

+ temperature decoupling from the neutral gas temperature will 
+ + 

+ 

+ + +  Although the effects of H - 0 

Thus, at low altitudes the 
+ ion temperature attempts to rise rapidly towards the electron tempera- 

Thia, procees cannot continue upwards indefinitely, however, since 

the atomic oxygen density decreases much more rapidly with altitude than the 

electron density. Thus, the 0 temperature begins at a higher altitude the + 
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deeoupling proaees frtnu the neutral gas temperature already etarted by 
the H ions at a lwer altitude. The net result i e  than under the in- 

fluence of H - 0 energy transfer the difference between the €I+ and 0 

temperatures progressively diminishes, as shown in Figurer 3,  6 and 9. + + At high altitudes, where the 0 and H 
rpeaies ion energy trnnnfor retee are large fer evec ;;==?? teqctrtutte 

reparatione, thus aseuring the existence of a eingle ion temperature. 

+ 
+ +  + 

energy losaes are 8-11, the inter- 

+ The comparieon of the H+- 0 temperature reparatione for the 

three model atmoepheree indicates the importance of changing neutral par- 

ticle densities. For the 6000K -del the atomic oxygen density decrearer 

rapidly with altitude, leading to rapid rises of T (H ) and Ti(O ) and 8 

relatively emall tone of ion temperature inequality. 

the 1394OK models, the a t d c  oxygen densities are progreerively larger at 

each altitude and the 0 

gae temperature to higher altitudee, creating a relatively gradual tranri- 

tion of T (0 ) toward6 the electron temperature. 
the H and 0 

gion of temperature inequality. 

+ + 
i 

In the 1000° and 

+ ion temperature is strongly coupled to the neutral 
+ Hence, the dieplacement Of 

+ i +  temperature profiles is large and there ia a considerable re- 

Changing values of the electron density do not directly affect 

the magnitude of the temperature decoupling for the minor ione. 

the principal alteration occurs again a8 an upward or downward dieplace- 

ment of the individual ion temperature profilee. 

Figure 11 where the profile of the H+-O+ temperature eeparation is shown for 

the 1000°K model atmosphere with an electron temperature of 2800OK. 
eolid curve has been taken directly from Figure 6, while the broken curve 

ha6 been calculated using an electron density which has been increased 

everywhere by a factor of two. While the magnitude of the peak temperature 

reparation changes by only a few degrees, the peak moves downward by 50 b. 

In faCt, 

Thie effect i t 3  shown in 

The 
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0 60 100 200 

TEMPERATURE DIFFERENCE ( O K )  

Fig. 11.- Bffects  of changing the elecCron dens i ty  model upon the  atomia 
hydrogen and oxygen ion temperature separation. 
model atmosphere hae been used with an e lec t ron  temperature of 
280O0K. The s o l i d  curve, marked as ne, is taken from Figure 6 ,  
while the  broken curve, indicated as 2 n r e s u l t s  when the  
o r i g i n a l  e lec t ron  density i s  mult ipl ied t y  a f a c t o r  of two, 
ne t  downward s h i f t  i n  the p r o f i l e  is coneis ten t  with the  i n t e r -  
p re t a t ion  of t h e  temperature d i f fe rence  being the  r e s u l t  o f  a 
r e l a t i v e  s h i f t  i n  the  atomia hydrogen and oxygen ion temperature 
prof i l ea  

The l O O O O K  

The 
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+ +  The problem of the He - 0 temperature coupling i e  similar to 
+ +  - 0 that of H 

important and the ratio between the two ion gas heating rates is a 

factor of 4 smaller. Thus, with the primary energy loss of He' being 

atomic oxygen, the Ha+ - 0 

except that the inter-ion energy coupling terms are more 

+ temperature difference is substantially 
+ +  smaller than for H - 0 . 

IV,- DISCUSSION AND SUMMARY 

The results of the preceding section indicate a considerable de- + gree of temperature inequality between the 0+8 He', and H 
the upper atmosphere, The principal cause of this state of thermal non- 

equilibrium m s t  be attributed to the relatively large rates of electron 

gas heating for He+ and H 
extent of the temperature differences are strongly dependent upon the elec- 

tron temperature and the parameters of the neutral atmosphere, the density 

of atomic oxygen being especially important. 
solutions to the energy balance equations in terms of vertically displaced 

profiles of the individual ion temperatures, the essential features of the 

calculated temperature dif ferences can be explained. Thus, increases in 

the thermoapherlc temperature of the neutral atmosphere lead to enhanced 

atomia oxygen densities, displming the 0 

increasing the vertical region of temperature separation for the ion#, 

wise, for a given atmospheric model, an overall increase in the electron 
density will lower the 0 

resulting in a omaller vertiaal extent of the ion temperature separationr. 

ion gases of 

+ ions in comparison with 0'. The magnitude and 

By desoribing the numerical 

+ temperature profile upwards and 

Llle- 

+ + 
temperature profile with respect to that of H+ and Ha 

+ + ions are leeo than 2O%, and the H Baaaure the He ion8 l o r @  than 

2%, of the total ion number density for the regions disauseed here, th. 
aalaulated temperature dif ferenceo of the ion6 do not significantly affeat 

the full ion anergy balance, 
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I 

+ 
Hence, the  assumption t h a t  the 0 

T i ,  is ce r t a in ly  adequate f o r  describing the  t r ans fe r  of ion thermal 

energy t o  the neu t r a l  atmosphere and the  cooling ac t ion  of the ions upon 

the  ionospheric e lec t ron  gas. 

temperature is ".then ion temperatura, 

With regard t o  t h e  d i s t r ibu t ion  of charged pa r t i c l ee  above the  

F-2 region, the d i f f e r ing  ion temperatures do alter the respect ive ion 

scale heights  to some extent.  

temperatures are less than 15% of the 0 

introduced by neglecting the ion temperature inequal i ty  is amch less than 

tha t  found i n  our cur ren t  knowledge of ion production, d i f fus ion ,  and 

react ion. 

However, because the differences i n  the  ion + temperature, the  uncertainty 

The in t e rp re t a t ion  of t h e  ion temperatures presented here has 

been based upon the  p r i o r  assumption tha t  each ion gas is character ized 

by a Maxwellian ve loc i ty  d i s t r ibu t ion ,  In  f a c t ,  the  t r u e  extent  of the  

degradlng e f f e c t s  of inter-speaies  ion c o l l i s i o n s  upon the minor ion ve- 

l o c i t y  d i s t r ibu t ions  is not known. 

a t  the  very least, t h a t  the veloci ty  d i s t r ibu t ions  f o r  He+ and H 
s ign i f i can t ly  d i f f e r e n t  than those Maxwellian d i s t r ibu t ions  which would be 

ca lcu la ted  f o r  a temperature corresponding t o  t h a t  of the 0 

would appear t h a t  the  deviat ions indicated here could be experimentally 

v e r i f i e d  by d i r e c t  satell i te o r  rocket measurements of the ve loc i ty  epee- 

trume of the  individual ion gases. 

In  any case ,  t h i s  ana lys i s  ind ica tes ,  + should be 

+ ions. It 

Fina l ly ,  it has been noted t h a t  small concentrations of He+ and + H 

backscat ter  frequency spectra  (Evansh and Loewenthal, 1964). 

sible tha t  the process of temperature decoupling of the  ion gasee, eepeciol-  

l y  with respect t o  H', may lead, a t  times,to a basic  uncertainty i n  t he  

aacuraay of the deduced ion temperature prof i les .  

ions can s ign i f i can t ly  a l ter  the in t e rp re t a t ion  of inuoherent radio 

It i e  poa- 
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The areietance of Dr.  H. NICOLET and the w e  of the f a a i l i t i e r  

of the Inetitut d'Abronomie Spatiale de  Belgique i r  greatly appreaiated. 
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